Although susceptibility to scrapie is largely controlled by the PrP gene, the role of other genes that affect scrapie resistance in sheep is now confirmed. Following the detection of quantitative trait loci (QTL) on chromosomes 6 and 18 in a half-sib family with an ARQ/VRQ susceptible PrP genotype, the whole pedigree of a naturally infected flock was investigated to confirm these QTL regions in different PrP genotypes. The present study has allowed us to confirm the QTL on chromosome 18, and to demonstrate the QTL effects in several PrP genotypes.
INTRODUCTION
Scrapie is a transmissible spongiform encephalopathy (TSE), and host resistance is largely controlled by the PrP gene encoding the PrP protein (Goldmann et al., 1990; Palmer et al., 1991) . Recently, some loci that modulate susceptibility to TSEs, other than the PrP gene, have been detected in mice (Lloyd et al., 2001 (Lloyd et al., , 2002 Manolakou et al., 2001; Moreno et al., 2003; Stephenson et al., 2000) and cattle (HernandezSanchez et al., 2002; Zhang et al., 2004) . In sheep, Diaz et al. (2005) have shown that the PrP gene explains only part of the total genetic variance of the survival time in a Romanov sheep flock naturally infected by scrapie. Moreno et al. (2008) detected two quantitative trait loci (QTL) regions (at the 5 % chromosome-wide level) affecting scrapie incubation time, on chromosomes 6 and 18, in one half-sib family of 67 scrapie-affected animals.
In this article, our aim was to confirm QTL previously detected by Moreno et al. (2008) by using additional data from the sheep population from the INRA Langlade farm and to verify their presence in the PrP genotypes with different scrapie susceptibilities.
RESULTS
The significant fixed effects affecting incubation time were the PrP genotype (P,0.001), rearing (P,0.006), litter size (P,0.01), the PrP genotype of dam (P,0.05) and the interaction between season and birth year (P,0.001). The significance of the PrP genotype is mainly due to the greater estimated mean of incubation time for the ARQ/ VRQ genotype compared with the other genotypes (Table 1) . However, the standard deviation of the ARQ/ VRQ population was similar to that of the ARQ/ARQ population, but twice that of the VRQ/VRQ population. Because heterogeneous variances were observed between VRQ/VRQ and ARQ/---sub-populations, the variance component analyses were repeated for these two genotype groups separately.
The heritabilities of scrapie incubation time estimated in the total population and in sub-populations are shown in Table 2 . These heritabilities suggest that, in addition to the PrP effects, a proportion of the between-animal variability is due to genetic effects. However, the estimated values were somewhat (albeit not significantly, P.0.05) higher in the two sub-populations than in the total dataset, particularly when the QTL effect was not fitted.
The data provided no evidence of a QTL on chromosome 6, with the likelihood ratio test (LRT) value being close to zero at all tested locations. However, a significant QTL was identified on chromosome 18, in the total population and in the two sub-populations (Table 2 ). The LRT profiles on chromosome 18 for each population are shown in Fig. 1 . The location of the maximum-likelihood was between 87 and 100 cM, but the confidence interval covered the entire genotyped region, whatever the PrP sub-population. However, the relative and absolute variances explained by the QTL varied markedly in the two sub-populations, with the estimated effect explaining 74 (QTL variance50.0005) and 100 % (QTL variance50.0031) of the genetic variance in the VRQ/VRQ and ARQ/---sub-populations, respectively. Residual variances in these two sub-populations were 0.0016 and 0.0037, respectively. Finally, the gene content information was derived from the TransMap cross-species alignments available in the UCSC genome browser because the annotation of the ovine and bovine is still sparse. Subsequent annotation and analyses were carried out with the Ingenuity pathway analysis software v7.0 (http:// www.ingenuity.com/).
DISCUSSION
The effect of the PrP genotype on scrapie survival time in sheep has been shown experimentally (Goldmann et al., 1994; Houston et al., 2002) and from field data (Elsen et al., 1999) . The mean incubation time for the ARQ/VRQ genotype was significantly greater than in the other two genotypes and the standard deviation for ARQ/---group was twice the standard deviation for the VRQ/VRQ genotype. This observation could be due to allelic interferences as observed in mice (Fraser et al., 1991) , and prion strains could be more adapted to homozygous PrP genotypes. Factors other than the PrP genotype of the animals, such as rearing, the dam PrP genotype (a proxy for possible maternal transmission), lambing period and year can affect the number of opportunities for transmission of infection, such as exposure to placenta of infected ewes containing large amounts of PrP Sc . For example, artificially reared lambs had a shorter contact period with the scrapie-infected placenta during the lambing period (Moreno et al., 2008) , and this may be the cause of the rearing effect.
Under the null hypothesis (H0), i.e. QTL is not estimated, the heritability of the scrapie incubation time for the total population was 18 %. This is consistent with the heritability of 21 % obtained by Diaz et al. (2005) , in a survival analysis including all the PrP genotypes from the Langlade farm. These heritabilities suggest that genetic factors, other than the PrP gene, influence the appearance of scrapie disease, hence the QTL study.
Because the structure of the present population is complex and somewhat different from classical family based QTL detection designs, a simulation study was performed to test the power of the dataset and statistical approach. Assuming the same population structure as here and a QTL with the same variance as detected here (i.e. s 2 qtl 50.0007, h 2 qtl 50.16), the power to detect the QTL was 55 and 100 % when the QTL allele frequency was 0.1 and 0.5, respectively. This suggests that the approach taken here has sufficient power, providing the QTL frequency is not extreme. The failure to detect the chromosome 6 QTL suggests that it was either a false positive, or present at a low frequency in the population as a whole.
Two features of our results on chromosome 18 are notable, the significantly larger QTL variance in the ARQ/---subpopulation, and the decrease in both the QTL variance and the heritability when the whole dataset was analysed. Whilst sampling variation cannot be ruled out as the cause, these observations are consistent with different allelic effects in different PrP genotypes. Given that the QTL effects comprise a large proportion of the genetic variation, this hypothesis would also result in a reduced heritability in the combined dataset. (Miller et al., 2008) , a disease recently connected with PrP (Lauren et al., 2009) . The chromogranin A (CHGA) locus is implicated in microglial activation cascades, which play a key role in prion induced neurodegeneration (Hooper & Pocock, 2007) . CHGA proteins increase neurodegeneration of microglia neurons (Ciesielski-Treska et al., 1998) . Microtubule associate protein 1 (MAP1A) is also mapped within this region. Structural microtubule-associated proteins interact with microtubules to regulate the various dynamic stages of microtubules. It has been recently reported that MAP1A promotes slow, stable growth of microtubules. This type of growth may be important in the maintenance and restructuring of adult neurons (Faller & Brown, 2009 ).
Interestingly, several serine protease inhibitors from the serpin superfamily including serpina 1, 3, 5, 10 and 12 are also represented. Serpins control processes such as coagulation, inflammation and fibrinolysis. Serpin mutations are known to induce conformational diseases (Gooptu & Lomas, 2009; Lomas & Carrell, 2002) . Both the serpins and the prions readily dimerize by domain swapping and the initial oligomers, like those formed by serpins act as a template for propagation of conformational changes, leading to long chain polymers (Carrell & Gooptu, 1998) . In addition, one of these serpins, serpina 3 has been recently proposed to be a biomarker of prion infection (Miele et al., 2008) . Finally, one of the best candidate genes is the heat-shock protein 90 kDa alpha, class A member 1 (HSP90AA1) gene. It codes for a chaperone protein that influences aggregation at early stages in Alzheimer's disease (Evans et al., 2006) , induced microglial activation (Kakimura et al., 2002) . Moreover, some polymorphisms of the HSP90AA1 gene in the promoter region modulate the gene expression and scrapie resistance in Aragonesa and Romanov sheep breeds (Marcos-Carcavilla et al., 2008) . In conclusion, the QTL for scrapie incubation time on chromosome 18 has been confirmed in different PrP genotypes. Numerous potential functional candidate genes map to this region, and known polymorphisms in these genes will be tested for association with incubation time.
METHODS
The experimental population comes from the Romanov flock from the Langlade experimental farm, near Toulouse, France. This farm has been naturally infected by classical scrapie since 1993, with the observed prevalence being nearly 30 % (Elsen et al., 1999) . The experimental population comprised animals born between 1992 and 2004, including the family in which the QTL were found (Moreno et al., 2008) . In total, 1515 animals were considered, including 568 phenotyped animals, i.e. those with an observed or estimated scrapie survival time and six generations of their parents. DNA samples were available for 1019 animals (including all phenotyped animals). Phenotyped animals were the progeny of 131 sires, four of which had more than 10 offspring.
Scrapie incubation time was estimated using several sources of information. Because the main route of contamination is via infectious placentas during the lambing period (Andréoletti et al., 2002b) , scrapie infection was assumed to occur at birth. Consequently, the studied trait was the estimated scrapie survival time, which is assumed to approximate scrapie incubation time. Clinical signs of scrapie (mainly pruritus and lack of gait coordination) were recorded weekly and, within 2 weeks after detection of clinical signs, animals were sent to the Toulouse Veterinary School for euthanasia to establish a final diagnosis. Diagnosis, by brain histopathology, was based on vacuolization of neurons specific to prion diseases in neuro-anatomical regions of the central nervous system. When the diagnosis was unclear, detection of scrapie infection (Jeffrey & Gonzalez, 2004) , while IHC test is positive in the brain from the middle of the scrapie incubation period for VRQ/VRQ (Andréoletti et al., 2000) and ARQ/ARQ genotypes (van Keulen et al., 2007) . The infection kinetics are considered similar for the ARQ/VRQ genotype.
All rams and ewes in this flock were routinely genotyped for PrP polymorphisms at codons 136, 154 and 171 using RFLP PCR techniques (Elsen et al., 1999) . Four alleles were detected: ARR, AHQ, ARQ and VRQ. The analyses described below were performed only on 568 scrapie-dead animals with VRQ/VRQ, ARQ/VRQ or ARQ/ARQ PrP genotypes. Some other PrP genotypes, including animals with ARR or AHQ alleles, were eliminated from the phenotype dataset because too few animals died of scrapie to perform robust statistical analyses.
The stored DNA samples were used to genotype microsatellite markers [partly in common with Moreno et al. (2008) ] covering 17 cM (three markers) and 31 cM (seven markers) of the QTL regions on chromosomes 6 and 18, respectively. The inter-marker space varied from 1 to 10 cM and the markers had 3 to 12 alleles. Fluorescent multiplex PCR used the PCR Qiagen kit according to the manufacturer's recommendations. PCR products were run on a Megabace 1000 DNA Analysis System (Amersham). Raw data were analysed with Genetic Profiler v1.5 software (Amersham). We have used two ovine and two bovine maps as references to locate the markers [http://rubens.its.unimelb.edu.au/~jillm/jill.htm (Ihara et al., 2004; Laurent et al., 2007; Schibler et al., 2006) ]. Mendelsoft software (http://www.inra.fr/mia/T/degivry/Sanchez07a.pdf) was used to check marker genotype incompatibilities (Mendelian errors) in complex pedigrees (Sanchez et al., 2008) . The parsimony option was used to determine the minimum number of genotypes to be removed from the pedigree in order to restore consistency, and around 17 % of genotypes per marker were removed. Consequently, along with missing genotypes, the total missing information for phenotyped animals was around 25 % per marker.
Animal performance was modelled as the sum of fixed, genetic and residual effects and a logarithmic transformation was required to normalize the distribution of incubation time. Interval mapping was performed using a variance component approach, whereby the genetic effect due to a putative QTL is modelled as a random effect in addition to a random polygenic effect. The presence of a QTL affecting the trait was tested by comparing the model with a reduced model excluding the QTL effect.
Significant fixed effects (i.e. confounding factors) to be included in the analyses were identified using SAS GLM procedure (SAS Institute, 1990) , viz. litter size (one or two, three, and more than three lambs), type of rearing (naturally and artificially), the PrP genotype of the animal (ARQ/ARQ, ARQ/VRQ and VRQ/VRQ), the PrP genotype of the dam and the lambing season by year interaction. Because of low number of dams in some PrP genotype groups, dam PrP genotypes were grouped into two levels, viz. 'resistant' genotypes (ARR/ARR, ARR/AHQ, AHQ/AHQ, AHQ/VRQ, ARQ/AHQ, ARR/ARQ and ARR/VRQ) and 'susceptible' genotypes (ARQ/ARQ, ARQ/VRQ and VRQ/VRQ).
Interval mapping was implemented using the ASReml software, estimating the variance components by restricted maximum-likelihood (Gilmour et al., 2002) . The QTL presence was tested every 2 cM along chromosomes 6 and 18. For each location, using pedigree and marker information, the variance-covariance matrix of the identity by descent coefficients between all individuals was calculated using the deterministic procedure developed by Pong Wong et al. (2001) . The inverse of the variance covariance matrix was then inputted into ASReml for estimation of the QTL variance. The LRT was performed at each location to test the significance of the QTL effect and obtain a likelihood ratio profile. Under the null hypothesis (no QTL on the chromosome), the asymptotic distribution of the LRT follows a 50 : 50 mixture distribution, where one mixture is a peak at 0 and the other component is a x 2 distribution (George et al., 2000; Self & Liang, 1987) . Confidence intervals of the QTL position were calculated for both models using the 1 logarithm of the odds drop-off criteria (Lander & Botstein, 1989) .
